The spatial magnetic properties, through-space NMR shieldings (TSNMRS), of benzenoid and quinoid tautomeric structures such as benzodifurantrione and phenazine-type molecules have been calculated using the GIAO perturbation method employing the nucleus independent chemical shift (NICS) concept of Paul von Ragué Schleyer and visualized as iso-chemicalshielding surfaces (ICSS) of various size and direction. The TSNMRS values were employed to quantify and visualize the partial aromaticity of the studied compounds. In the case of the surprisingly more stable quinoid tautomers, the aromaticity-synonymous with stability due to the conjugation of π electrons and lone pairs-was not found to be particularly reduced.
Introduction
The shielding at or above the center of aromatic ring systems and realized by the concept of nucleus independent chemical shielding (NICS), 1 is a parameter that can be used to characterize the aromaticity of organic compounds. NICS values calculated for a grid system surrounding the molecules can also be used to locate the diatropic and paratropic regions of the molecules involved. [2] [3] [4] [5] [6] [7] [8] Moreover, through-space NMR shieldings (TSNMRS) have been visualized 3 as isochemical-shielding surfaces (ICSS) and employed to quantify the anisotropic effects of functional groups, to determine the stereochemisty of nuclei proximal to functional groups, 3,9−14 to assess the conformational state when the underlying dynamic process is fast on the NMR timescale, 15 to separate the anisotropic effect of the C=C double bond from the influence of steric hindrance on the same protons, 16, 17 and to visualize and quantify planar 18 and spherical (anti)aromaticity. 19−21 Recently, using our approach, 3, 18 we found the TSNMRS methodology to be a viable alternative for the identification of benzenoid/quinoid structures if the 1 H NMR spectra are too complex or if X-ray structures were unavailable. 22 In another study, 23 we extended our examination to keto-enol tautomers (with benzenoid, quinoid, antiaromatic or pseudoaromatic substructures) and push-pull structures (which can exist as zwitterionic forms with pseudoaromatic substructures) in order to identify the size of the partial aromaticity. Usually, aromatic tautomers in comparison to their corresponding quinoid tautomers are considered to be much more stable. However, there are a very few cases where quinoid tautomers are similar in energy, or even more stable, than their aromatic analogues. In these cases, intramolecular hydrogen bonding and/or dipolar attractive interactions have been employed to rationalize the apparent anomaly. The influence on the stability of structures arising from the delocalization of π and lone pair electrons (in the case of six electrons, partial aromaticity) has not been properly addressed and because the spatial magnetic properties of conjugated moieties has proven to be very sensitive to these influences, 3, 18 TSNMRS were computed and appropriately examined herein as the central topic of this paper. Of significant note though, there have been some recent developments of NICS 24 showing that none of the methods can safely assign aromaticity 25 and non-measurable parameters have proven generally to be unsuitable for quantitative evaluation of aromaticity. [26] [27] [28] [29] [30] There have been some recent developments also of the NICS index 31 showing that it is not the average NICS, but rather only the NICS(1) zz component that need be used to quantify aromaticity 32 within this context and average NICS values have even been proven to be unsuitable generally for the quantitative evaluation of aromaticity.
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In addition, the conventional interpretation of deshielded 1 H chemical shifts for aromatic protons has proven to be due to reasons other than deshielding ring current effects 34 and thus they are not reliable indicators of aromaticity as well. 35 For example, NICS analysis was shown to lead to an incorrect prediction of aromaticity for the cyclopropenyl anion. 36 Further, there a strong reservations to quantify aromaticity from magnetic data only 37 because it was found to be a multidimensional characteristic 38 to be dependent on energetic, geometric and magnetic criteria. 39, 40 In this context, the results of this study will be considered within this multidimensional dependence of aromaticity.
Computational details
Quantum chemical calculations were performed using the Gaussian 03 program package. 41 Structures were fully optimized at the MP2/6-311G** level of theory 42 (the larger molecules 5 to 6 were computed at B3LYP/6-311G** level of theory) considering chloroform as solvent employing the IEFPCM model) and NICS values 1 were computed for these geometries using the GIAO method 43 at the B3LYP/6-311G** theory level. 44 To calculate NICS values, ghost atoms were placed on a lattice extending from −10 Å to +10 Å with a step size of 0.5 Å in all the three directions of the Cartesian coordinate system and with the zero point of the coordinate system positioned at the centers of the structures. The resulting 68,921 NICS values were analyzed and visualized using SYBYL 7.3 molecular modeling software.
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Results and discussion
Characteristic spatial magnetic properties of benzenoid and quinoid tautomeric structures. Hydroquinone 1 and para-benzoquinone 2 (Scheme 1) serve as prototype benzenoid and quinoid structures, respectively, as can be readily ascertained from the spatial magnetic properties (TSNMRS) of both compounds (see Figure 1 ). 
Scheme 1
Whilst hydroquinone 1 shows the characteristic shielding ICSS of benzene 3, 18 above and below the plane of the ring, the deshielding in-plane belt is not closed as in benzene. The reasons for this divergence are the hydroxyl groups in the para positions of the hydroquinone 1 which have shielding ICSS in-plane due to the inversed anisotropic effect of the C-O single bond. 3 The spatial magnetic properties of para-benzoquinone 2, however, were found to be completely different. 22 First of all, the TSNMRS values in the lateral view are not dominated by the ring current effects of the aromatic structure as in benzene and hydroquinone 1, but rather by the anisotropic effects of the conjugated C=C and C=O double bonds. This is impressively seen for the C=C double bonds in the lateral view (top depiction in Figure 1 ); shielding ICSS are only closed around these C=C double bonds. In the center of the para-benzoquinone 2 ring system there is even deshielding of -0.1 ppm and there is no hint of aromaticity at all. The anisotropic effects of the para-positioned carbonyl groups are best evaluated from the top perspective (lower depiction in Figure 1 ). They have anisotropic effects of the same direction as aromatic systems with deshielding in-plane and shielding above and below the molecular plane, though similar in size to the C=C double bonds, they are however much smaller than the benzene ring system. Here though, the deshielding in-plane belt closes. In addition, the conjugation along the quinoid tautomer 2 can best be appreciated from the closed shell TSNMRS in Figure 1 . Again, aromaticity at all cannot be found in the center of the six-membered ring and shielding above and below the conjugated moiety is very similar. Perhaps there is greater shielding above the C=O and formal C=C double bonds, but the shielding above and below the formal C-C single bonds is not much different, thereby characterizing excellently the conjugated structure of the quinoid tautomer.
Benzene Hydroquinone para-Benzoquinone (from different directions) Matters do not change principally if the TSNMRS of 2,5-diNHR-substituted parabenzoquinonediimine 3 are examined (cf. Figure 2 ) and compared with the spatial magnetic properties of the iso-electronic para-benzoquinone 2. The former compound is expected to be potentially antiaromatic 46 and, due to the special substitution, is estimated from the X-ray structure to consist of two independent 6π-electron trimethine cyanine subunits 47 which are connected via two C-C single bonds (ca. 1.5 Å in length both from X-ray measurements as well as by DFT calculations). 47 If the spatial magnetic properties of 3 are carefully examined, however, there is noted to be no difference between the TSNMRS of para-benzoquinone 2 and 3. In both cases the conjugated quinoid moiety is described by similar, if not identical, TSNMRS due to the anisotropic effects of the former C=C double and C-C single bonds which are now partially conjugated C=C double bonds (cf. Figure 3 ). This can be appreciated even better by the closed ICSS depicted in Figure 2 . Thus there is no difference between 2 and 3 and furthermore there is no indication at all of antiaromaticity (consider for example, as a prototype, cyclobutadiene) 3, 18 and finally, there is no indication from the spatial magnetic properties of independent 6π-electron trimethine cyanine subunits 47 in 3. Obviously, even for bond lengths of 1.5 Å, approximately equivalent to pure C-C single bonds, the spatial magnetic properties prove substantial anisotropic substituent effects of the conjugated partial C=C double bonds and no indication of C-C single bonds at all (for a difference, compare, for example, hydroquinone 1 in Figure 1 ). It seems that the discussion of X-ray bond lengths in the context of single, partial double and double bonds with respect to conjugation in the delocalized π-electron/lone pair systems should be complemented by the spatial magnetic properties of the systems in order to thoroughly understand the electronic state of conjugated π systems. The TSNMRS of 3 without hydrogen bonding have also been calculated (cf. Figure 3 , right structure) and from which it was found that the spatial magnetic properties of this structure do not alter significanlty. Therefore the two main sources for the stability of keto-enol tautomers operate independently but, as expected, the molecule is less stable by 18.02 kcal mol −1 . Due to aromaticity, benzenoid structures are more stable than quinoid structures and, as just seen, both structures have characteristically different spatial magnetic properties (TSNMRS). With this knowledge in hand, we can now move to the quinoid structures which are similar in stability, or even more stable, than their corresponding benzenoid tautomers and will use the corresponding TSNMRS to visualize the ring current and anisotropic effects in these compounds by ICSS and hence try to quantify the inherent aromaticity or the degree of delocalization of the π electrons and lone pair electrons as the source of their stability.
(from different directions
Spatial magnetic properties of keto-enol tautomers of benzodifurantrione. In the solid state, benzodifurantrione 4 (Scheme 2) prefers the quinoid enol tautomer 4b. 48 In solution two tautomers, including the keto form 4a in addition to the isolated phenylogous enol tautomer 4b, were observed in several solvents and which were readily assigned by 1 H and 13 C NMR spectroscopy. 48 Of note, different, but comparable, keto-enol ratios were observed in the various solvents.
Scheme 2
Both the structures and TSNMRS of the two tautomers were calculated by ab initio MO methods and are depicted in Figure 4 . In the visualization of the spatial magnetic properties of the two tautomers, the major difference between the two tautomers is clearly evident: The benzenoid central ring in 4a is shown to be aromatic (ICSS of -0.5 ppm at 4.5 Å and -1 ppm at 3.4 Å; for benzene: ICSS of -0.5 ppm at 5.2 Å and -1 ppm at 4.0 Å) whilst the TSNMRS above and below the central ring in 4b drop to ICSS values of -0.5 ppm at 3.0 Å and -1 ppm at 2.3 Å due to the quinoid character of the central ring of this tautomer. The two furan moieties at the aromatic central ring in 4a are not conjugated and red dots in their centers are an indication of the anisotropic effects of the isolated carbonyl groups only.
On the other hand, in the quinoid tautomer 4b, the two furan rings are conjugated to the central ring and thus the conjugation extends over the whole system (ICSS of -0.5 ppm at 2.9 Å and -1 ppm at 2.1 Å above and below the centers of the furan ring moieties). In addition, the phenyl substituent at C-3 is also included in the conjugation. Obviously, the diminished aromaticity of the central ring in 4b compared with 4a is essentially balanced in 4b by distinctive π delocalization in the extended, conjugated annulated ring system of 4b. In addition, intramolecular hydrogen bonding was calculated to improve the stability of 4b in comparison with 4c (cf. Scheme 2) by 3.86 kcal mol −1 , but it is of negligible influence on the π-electron delocalization (cf. Figure 4 ). This is indicated by the common shell of TSNMRS of rather constant and extended size over the entire conjugated system (ICSS of -0.5 ppm at 4.0−3.2 Å and -1 ppm at 3.3−2.4 Å). Thus, TSNMRS not only help to identify aromaticity, but also to visualize the size of the extended conjugation in such systems as well. In consideration of the results so far, it can be ascertained that comparable stability of nonaromatic, quinoid tautomers results from remarkable extended π conjugation 49 and intramolecular hydrogen bonding. On the other hand, both effects operate independently-the spatial magnetic properties of the enol form 4b do not change without the intramolecular hydrogen bonding in 4c (Figure 4 ) which is of substantial magnitude with respect to the stability of this tautomer. In this case, at least, the consideration of aromaticity in the light of spatial magnetic properties only remains insufficient for quantifying the stabilization of aromatic structures when comparing the latter with non-aromatic but strongly stabilized quinoid tautomers. Spatial magnetic properties of keto-enol tautomers of α,β,β-disubstituted phenazines and bridged bisphenazine analogs. In the keto-enol equilibrium of the bridged bisphenazines 5a and 5b (Scheme 3), the nonaromatic quinoid keto form was found to be the predominant tautomer both in the solid state as well as in solution. 50 influence on the stability of 5a and 5b and also the monomers 6a and 6b (6c was studied to measure the stability of the hydrogen bond; cf. Scheme 3) due to the delocalization of π electrons 
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Scheme 3
The keto tautomer 6b, as was found for 5b in the dimer, proved to be more stable by 4.16 kcal mol −1 in CDCl 3 than the enol form 6a. Comparison of the TSNMRS values of the two tautomers 6a and 6b (visualized in Figure 5 ) resulted in the following observations: Partial aromaticity (π conjugation) above and below the trisubstituted ring of the phenazine moiety drops as indicated by ICSS of -0.5 ppm at 5.9 Å and -1.0 ppm at 4.1 Å in 5a in comparison to ICSS of -0.5 ppm at 4.9 Å and -1.0 ppm at 3.5 Å in 6b to demonstrate appropriately the reduced partial aromaticity in this part of the molecule. Thus the stability of 6b declines due to adequately reduced π conjugation but is still 4.16 kcal mol −1 more stable than 6a. The stabilization gain must come from intramolecular hydrogen bonding because the keto tautomer of structure 6c is less stable by 7.6 kcal mol −1 , thus the intramolecular hydrogen bonding must be balancing more than sufficiently the energy shortcoming in the π conjugation. The TSNMRS in 6c in comparison with 6b are unchanged (cf. Figure 5) . The same π conjugation conditions could be expected for dimers 5a and b because the monomers are connected via the sp 3 carbon atom link only and nothing has changed with respect to tautomerism. Thus, an considerably, by at least 8.31 kcal mol −1 in magnitude, more stable diketo tautomer 5b could be expected with the additional stabilization energy coming from the two new intramolecular hydrogen bonds N-H...O=C between the monomer units. But since, in principal, the two new O-H...-N= hydrogen bonds in 5a could stabilize this tautomer as well, the π delocalization (partial aromaticity) of the trisubstituted ring phenazine moieties in both tautomers 5a and 5b was evaluated. The TSNMRS of 5a and 5b are visualized in Figure 6 and ICSS values, together with the former values for 5a and 5b, are presented in Table 1 . It immediately garners the attention that, compared with the difference between 6a and 6b, π delocalization drops in the keto tautomer 5b with respect to 5a, though not so dramatically. Actually, the difference in π delocalization is lower, indicating for 5b smaller, but not much different, stabilization due to the conjugation of the π electrons and lone pairs in the trisubstituted phenyl moieties in both tautomers. In the remainder of the molecules (nonsubstituted phenyl and central pyrazine moieties), there is not much difference anyway (cf. Figure 6 ) and compared with the monomeric tautomeric structures, in terms of ICSS, the π conjugation in 6b is much better than in 5b and even identical to 6a, the so-called "aromatic" tautomer. Thus, the additional hydrogen bonds between the monomer moieties [δ(NH), 14.84 and 15.78 ppm] 50 must have significant influences on the stability of the predominant tautomer 5b. Another quite interesting aspect is the comparison of the aromaticity in the enol tautomers 5a and 6a with the aromaticity of the terminal rings in anthracene (cf. Figure 6 and Table 1 ). Employing our approach, 18 the corresponding TSNMRS above and below the terminal ring of anthracene and the trisubstituted phenyl moieties of the enol tautomers in 5a and 6a indicate that the difference is not too significant for 6a (for 6a: ICSS of -0.5 ppm at 5.9 Å and -1 ppm at 4.2 Å; for anthracene: ICSS of -0.5 ppm at 6.2 Å and -1 ppm at 4.5 Å). The aromaticity of the π-deficient aromatic phenazine is lower than in anthracene in complete agreement with the conventionally taught doctrine of organic chemistry. However, when applying the same standard to 5a, the difference is quite remarkable. For 5a, ICSS of -0.5 ppm at 4.9 Å and -1 ppm at 3.5 Å indicate that partial aromaticity in the enol tautomer 5a is still present. However, it is much smaller than in anthracene and this only changes slightly when comparison to the corresponding keto tautomer 5b is made (ICSS of -0.5 ppm at 4.5 Å and -1 ppm at 3.2 Å). Thus arises the general question that, if in these cases, should one continue to talk about partial aromaticity in the enol and conjugation of π electrons and lone pairs in the corresponding "nonaromatic" keto tautomer, or only consider the degree of conjugation of π electrons and lone pairs in both tautomers. The latter approach is deemed to be the better choice because, obviously, to quantify the stabilizing effect of aromaticity from spatial magnetic properties as single criterion on the stability of substances remains unsufficient. [37] [38] [39] [40] Obviously, by the assessment of tautomerism with respect to both aromaticity and hydrogen bonding as stabilizing factors, the indication seems to be that one should not be constrained by the corresponding stabilities regarding only the aromaticity present in one of the tautomers. For example, the corresponding quinoid keto analogs are stabilized by π electron and lone pair conjugation as well. Thus, to evaluate the different influences on tautomer stability, TSNMRS of the conjugated moieties in both tautomers are able to provide useful information.
Conclusions
A new approach has been introduced to assess the stability of quinoid and benzenoid keto-enol tautomeric structures on the basis of through-space NMR shieldings (TSNMRS). The usually more stable benzenoid tautomers can be evaluated using TSNMRS (visualized by ICSS of different size and direction) on the basis of ring current effects and the usually less stable quinoid tautomers on the basis of the anisotropic effects of π conjugation. In cases of similar stability for the two tautomers (normally arising due to additional intramolecular hydrogen bonding), the conventional designation of aromatic and nonaromatic tautomers can be retained. However, in addition to differences in stability due to hydrogen bonding, differing stability also arises from π electron and lone pair delocalization.
